We present a study of germanium as an alternative to silicon for n-type doping of cubic GaN. We find that Ge is a well-suited donor impurity. Our layers were grown by plasma-assisted molecular beam epitaxy on 3C-SiC/Si (001) substrates. Germanium-doped layers were fabricated with donor concentrations ranging over several orders of magnitude up to 3.7 × 10 20 cm −3
I. INTRODUCTION
GaN-based optoelectronic devices are mostly grown in the thermodynamically stable hexagonal wurtzite crystal structure along the c-direction. Due to symmetry reasons, spontaneous and piezoelectric polarization fields are existent and limit the recombination efficiency in, e.g., double heterostructures or quantum wells. There exist several approaches to overcome these effects. One of them is to grow the metastable cubic zinc blende phase of GaN, where the aforementioned polarization fields are missing.
For device fabrication, it is essential to control p-and n-type doping of the semiconductor. Up to now, n-type doping of cubic GaN (c-GaN) is preferably realized by the incorporation of silicon. [1] [2] [3] [4] It is well known that the incorporation of silicon in wurtzite GaN leads to tensile strain, 5 whereas it has recently been shown that this is not the case for the incorporation of germanium, allowing to grow highly doped layers with improved crystalline quality. 6 Recently, we have demonstrated the incorporation of germanium into c-GaN layers grown by molecular beam epitaxy (MBE) and have presented first investigations of structural 7 and optical properties. 8 In this paper, we provide an extensive study on the structural, electrical, and optical properties of germanium doped c-GaN and give a comparison to silicon doped layers.
II. EXPERIMENTAL DETAILS
Our c-GaN layers were grown by plasma-assisted molecular beam epitaxy (MBE) in a Riber-32 system equipped with an Oxford Applied Research HD25 radio frequency plasma source to supply activated nitrogen atoms. Not intentionally doped (n.i.d.), germanium-doped, and silicon-doped c-GaN layers were grown. To cover a large range of doping densities, the germanium effusion cell temperature was varied in a range of 600°C to 1000°C. The silicon effusion cell was operated at temperatures from 950°C and the maximum temperature reached was 1100°C. The layers were deposited on 3C-SiC/Si (001) substrates at a growth temperature of 720°C. A gallium beam equivalent pressure (BEP) of 1.1 × 10 Reflection high energy electron diffraction (RHEED) was employed for in situ growth control. 9 After growth, the c-GaN layer thickness was determined by reflectometric interference spectroscopy. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was performed with an ION-TOF TOF-SIMS 5 instrument to analyze the composition of our layers. A primary ion beam of 15 keV 69 Ga + ions scanned a 50 × 50 μm 2 area. Depth profiling was done using a 1.0 keV Cs + beam covering an area of 300 × 300 μm 2 . Negative ion mass spectra were collected. To determine the dislocation density and the amount of hexagonal inclusions, highresolution x-ray diffraction (HRXRD) was carried out on a Philips X'Pert MRD. The surface topography of our layers was investigated using a Nanosurf Mobile S atomic force microscope (AFM) operating in contact mode. Photoluminescence (PL) spectra were taken using a continuous wave frequency-quadrupled Nd:YAG laser (266 nm) operating at a power of 5 mW as an excitation source. An Andor iDus 420 CCD detector array mounted on a SPEX 270 M imaging spectrograph was used for light detection. Carrier density and mobility were determined by Hall effect measurements in van der Pauw geometry at room temperature.
III. RESULTS AND DISCUSSION
The basic layer properties and effusion cell temperatures, which were used to achieve different doping levels, are summarized in Table I . The donor concentrations were taken from Hall effect measurements, assuming the two highest germanium-doped layers and the highest silicon-doped layer to be degenerate. In this case, the measured carrier density is equal to the donor concentration. Donor concentrations of lower doped layers were extrapolated based on the dopants vapor pressure curves. 10, 11 Since germanium has a significantly higher vapor pressure compared to silicon, it is possible to achieve a two orders of magnitude higher doping level for comparable effusion cell temperatures.
A. TOF-SIMS-measurements
The germanium-doped c-GaN samples were investigated by TOF-SIMS to gain depth-resolved information on the Ge incorporation into the cubic GaN epilayers. To obtain absolute values for the germanium concentration, a calibration of the germaniumrelated secondary ion signals needs to be done. Therefore, we fabricated and analyzed ion-implanted samples, which will be discussed in the following.
Germanium ions were implanted into 580 nm thick not intentionally doped (n.i.d.) c-GaN layers by two different ion implanters at the Ruhr-University of Bochum. The first implanter (100 kV ion accelerator) with low ion energies of 95 keV allows shallow implantation and uses 72 Ge, whereas the second implanter (4 MV tandem accelerator) with high ion energies of 750 keV allows deep implantation and uses 74 Ge. In addition, the two different Ge isotopes result in two independent TOF-SIMS signals, which can be used for analysis.
The implantation parameters chosen are depicted in Table II . These Ge concentrations are similar to those intended to be incorporated during MBE growth. The implantation profiles (Ge ions per fluence) in cubic GaN are simulated by the freeware software package SRIM-2013 (SRIM-The Stopping For calculating the absolute germanium concentration, the 74 GeN − signal from the implanted samples B and C is taken. In the case of the implanted sample A, the constant GaN-related background is subtracted from the 72 GeN − signal. The remaining intensity is corrected by the isotopic ratio of germanium to obtain a signal that is adequate to the 74 
GeN
− signal in samples B and C. In the next step, the 74 GeN − signals are normalized to the respective GaN − signal intensity to take varying ion beam currents or sputter parameters into account. At last, the maxima of the simulated implantation profiles (multiplied by the fluence) and the maxima of the implantation profiles measured by TOF-SIMS are correlated. In could be found in our layers, but for the sake of clarity, the corresponding signals are not shown here. ), we determine a germanium concentration of 6.0 × 10 18 cm −3 in this layer. This value is approximately larger by a factor of two than the germanium concentration estimated based on the vapor pressure curve. The germanium concentrations of the other layers determined by TOF-SIMS are listed in Table I . In addition, we see that C and O are incorporated into the c-GaN layers, most likely originating from the residual gas (mainly H 2 O, CO 2 , CO, and hydrocarbons) in the growth chamber. C and O are known to form acceptors and donors in GaN, respectively. 1, 14 While all other signals remain constant throughout the entire GaN layer, the intensities of the C − and O − signals rise towards the surface. This effect is much more pronounced for the C − signal compared to the O − signal.
B. Structural properties
Reflectometric interference spectroscopy measurements reveal layer thicknesses around 600 nm for all but the two highest germanium-doped layers (see Table I ). These two layers exhibit a significantly lower thickness, although growth time was identical for all layers. A possible explanation for this growth rate reduction is the accumulation of germanium atoms on top of the surface during growth. 7 Impinging Ga and/or N atoms could be hindered from reaching the growth front by these excess germanium atoms. Germanium could act as an antisurfactant as it is known for silicon in wurtzite GaN growth. 15 On the other hand, it is reported that germanium acts as a surfactant in a-plane growth of wurtzite GaN at doping levels above 10 20 cm −3 . 16 Further investigation on the role of silicon and germanium in c-GaN growth kinetics is required at this point.
HRXRD rocking curves of the (002) reflections were acquired to determine the dislocation density as a measure of the crystalline quality of our layers. According to Gay et al., 17 the dislocation density D can be estimated from the rocking curve full width at half maximum (FWHM) Δθ by
with b being the length of the Burgers vector. For 60°dislocations in the zinc blende structure, the length of the burgers vector is given by 18 
being the lattice constant of c-GaN. 19 In Fig. 5 , the rocking curve FWHM Δθ and the calculated dislocation densities are plotted versus the donor concentration. Up to a donor concentration of 2.7 × 10 18 cm −3
, Δθ of the germanium-doped layers stay at the level of the n.i.d. layer. With further increasing doping, a deterioration of Δθ can be observed, and for the highest germanium-doped layer, a four times higher rocking curve FWHM than for the n.i.d. layer is measured.
According to Ref. 20 , due to the annihilation of dislocations, the dislocation density D is inversely proportional to the layer thickness d. We found a D / d À0:5 correlation for c-GaN on 3C-SiC. 21 To rule out that the increased dislocation density of the two highest germanium-doped layers is based solely on the lower layer thickness, the mean dislocation density of 600 nm thick n.i.d. layers is taken to calculate the expected values for 460 nm and 363 nm thick layers. These values are plotted as open circles in Fig. 5 . It is obvious that the degraded crystal quality is also caused by the doping and is not solely a result of the smaller layer thickness.
Comparing the germanium-doped to the silicon-doped layers, no significant difference in dislocation density can be found; merely, the 7.6 × 10 18 cm −3 silicon-doped layer exhibits a slightly lower dislocation density than the nearest lower doped layer. This may be explained by tensile strain that is induced by the incorporation of silicon. The tensile stain counteracts the compressive strain which is caused by the lattice mismatch of c-GaN to the 3C-SiC substrate. Romano et al. 5 reported for wurtzite GaN that the residual strain vanishes at a certain silicon doping level. We assume that the considered layer features very low residual strain and thus exhibits a lower dislocation density.
In Fig. 6 , the (002) reciprocal space map (RSM) of the 3.7 × 10 20 cm −3 germanium-doped layer is plotted. The 3C-SiC (002) and the c-GaN (002) reflections are visible at q ? ¼ 2:9 A À1 and q ? ¼ 2:8 A À1 , respectively. Hexagonal inclusions in c-GaN mainly grow on (111) facets. 21 If hexagonal inclusions are present, their (10 11) and ( 1011) reflections appear in reciprocal space maps (RSMs) of the (002) Bragg reflections. 21, 22 Two ellipses indicate the areas where the reflections of hexagonal inclusions would appear.
No peaks are visible in this range, indicating the amount of hexagonal inclusions in this sample is below the detection limit of around 1%. Also, none of the other layers discussed in this paper exhibit detectable hexagonal inclusions.
Atomic force microscope (AFM) measurements are performed on a 10 μm × 10 μm area to characterize the surface topography of the layers. The surface quality is quantified by calculating the root mean square surface roughness S q . The S q values determined for various n.i.d., Ge-, and Si-doped layers are plotted in Fig. 7(a) . The roughness of germanium-doped layers ranges between about 5 nm to 6 nm and thus is similar to that of the Si-doped and n.i.d. layers. Merely, the 8.7 × 10 19 cm −3 Ge-doped layer features a significantly lower roughness of about 2.4 nm. Si-doped layers show a reduced roughness in the 10 19 cm −3 range. In Fig. 7(b) , the AFM image of the highest Ge-doped layer is displayed. An accumulation of material along distinct lines can be seen. These lines most likely are antiphase domain boundaries, which have been observed previously on n.i.d. c-GaN layers. 23 The excess material along these boundaries is only present on the two highest Ge-doped layers. Not intentionally doped layers, Si-doped layers, and layers with lower Ge-doping do not show this feature. This supports the above-mentioned assumption of a germanium-accumulation during growth.
C. Electrical properties
Room temperature Hall effect measurements in van der Pauw geometry are performed to determine the carrier density and Hall mobility of our doped layers. Small indium beads are alloyed into the c-GaN layers at 420°C for 5 min to fabricate ohmic contacts. The 3C-SiC substrate shows n-type conductivity with a carrier density of 1.6 × 10 16 cm −3 . For c-GaN epilayers with high doping levels, we expect that the current in the sample flows mainly through the c-GaN layer and the current flow through the 3C-SiC substrate can be neglected.
The n.i. . In c-GaN, 60°disloca-tions are electrically active by trapping electrons, and thus they act as acceptors. 18, 24 For the two highest germanium-doped layers and the highest silicon-doped layer, the c-GaN samples are expected to degenerate. In these cases, the measured electron concentrations equal the donor concentrations. The measured donor concentrations are listed in Table I . The highest donor concentration in the silicon-doped sample series is 3.8 × 10
19 cm −3 and was achieved using a cell temperature of 1100°C. With germanium doping, the highest donor concentration we measured was 3.7 × 10 20 cm −3 for a cell temperature of 1000°C. The layer grown with a silicon effusion cell temperature of 1000°C features a two orders of magnitude lower donor concentration, due to the lower vapor pressure of Si.
Additionally, we measured the carrier mobility of the highdoped layers (Fig. 8 and Table I ). The highest mobility we achieved with germanium doping was 105 cm 2 
, whereas the highest mobility of silicon-doped layers was 84 cm 2 
. Overall, the germanium-doped layers exhibit a carrier mobility about 20% higher than that of silicon-doped layers. The reduction of the electron mobility at higher doping levels can be explained by increased scattering at impurities. This effect is also observed in h-GaN and has been described theoretically. 25 
D. Optical properties
The PL spectra of the germanium-doped layers at 13 K are shown in Fig. 9 . The individual peaks are identified exemplarily in Fig. 9(b) for the 3.2 × 10 16 cm −3 doped layer. The dashed vertical line marks the 13 K bandgap energy E G = 3.2928 eV of c-GaN. 26, 27 Emission above this energy originates from small hexagonal inclusions of wurtzite GaN whose bandgap energy is slightly larger. Three emission bands dominate the spectrum and are fitted by Gaussian functions. The emission at 3.2549 eV is related to the recombination of bound excitons (BX) 28, 29 and features a FWHM of 36 meV. The highest intensity peak at 3.1733 eV originates from recombination of donor-acceptor pairs (D 0 ,A 0 ). 28 A further donor-acceptor pair recombination (D 0 ,A 00 ) can be seen at 3.0784 eV. It is assumed that C is involved as an acceptor in this transition. 1, 30 Luminescence below 3 eV is related to transitions involving deep defects, possibly N vacancies acting as deep donors.
2 Figure 9 (a) shows the normalized and vertically shifted spectra of layers with different germanium concentrations. It is expected that with increasing doping level, the intensity of the donor-acceptor pair recombination becomes stronger compared Ge-doped layer.
FIG. 8.
Carrier mobility of the high-doped c-GaN layers determined by Hall effect measurements at room temperature.
to the (BX) intensity. The opposite effect is noticed when comparing the n.i.d. layer and the 1.7 × 10 14 cm −3 doped layer. Thus, we conclude that in both these layers, the doping level is dominated by the unintentional incorporation of residual oxygen. In the 3.2 × 10 16 cm −3 doped layer, the (D 0 ,A 0 ) emission becomes more intense and exhibits a larger intensity than the (BX) peak. A blue shift of the (D 0 ,A 0 ) emission can be observed with increasing donor concentration, which is due to the Coulomb interaction of donors and acceptors. 31 With further increased doping, the peaks merge and spectral broadening occurs, indicating degenerate doping. The 3.7 × 10 20 cm −3 doped layer shows emission far beyond the bandgap energy which is furthermore caused by the Burstein-Moss effect. A more detailed report on the optical properties of germanium-doped layers can be found in Ref. 8. In Fig. 10 , the PL spectra of germanium-and silicon-doped layers with almost identical dopant concentrations are plotted. The (D 0 ,A 0 ) emission is dominating in both spectra and features a comparable intensity in both cases. However, the emission peaks of the silicon-doped layer exhibit slightly smaller spectral broadening. The FWHM of the (D 0 ,A 0 ) peak in the spectrum of the germanium-doped layer is 62 meV, whereas in the case of silicon doping, it is 50 meV. The narrower PL-linewidth of the Si doped sample may be explained by the larger epilayer thickness of Si-doped sample (647 nm) in comparison to the Ge-doped sample (543 nm). In the Ge-doped sample, the slightly higher dislocation density may contribute to increased scattering, which may cause the linewidth broadening.
E. Incorporation efficiency
Comparing the vapor pressure curves of germanium 10 and silicon 11 in the temperature range used for high doping, the vapor pressure of germanium is found to be approximately three orders of magnitude higher than that of silicon. The measured donor concentrations of germanium-doped layers by contrast are two orders of magnitude higher than those of silicon-doped layers with equal dopant cell temperature. Thus, we estimate a 10 times lower incorporation efficiency of germanium compared to silicon.
The incorporated donor concentrations of the germaniumdoped layers determined by TOF-SIMS, PL, and Hall-effect measurements are plotted versus the effusion cell temperature in Fig. 11 . Additionally, the vapor pressure curve of germanium 10 is also depicted in Fig. 11 as a full red curve. The vapor pressure curve is obtained by fitting Eq. (2) 32 to the vapor pressure data from Ref. 10,
If p is given in Torr and T is the temperature in°C, the fitted constants A, B, and C are 4311, −58.06, and 19.08 for Ge, respectively.
From PL measurements, the donor concentration has been calculated from the shift of the transition energy E DA of the donoracceptor pair recombination 31 
with E A = 130 meV for the acceptor binding energy, E D = 30 meV for the donor binding energy, ε r = 9.44 the relative permittivity of c-GaN, and r is the mean distance of acceptors to donors,
The data obtained from the energetic blue shift of the DA transition are plotted in Fig. 11 as full black squares. From Hall effect measurements, the electron concentrations of the degenerate layers are taken as the donor concentrations (full green triangles) and from TOF-SIMS measurements, germanium concentrations are determined by means of the calibration discussed in Sec. III A (full blue circles). In the range of medium doping, the measured donor concentrations are in good agreement with the trend of the vapor pressure curve. However, for the two highest doped layers, a deviation to lower concentrations is observed by SIMS, PL, and Hall effect measurements indicating that less Ge may be supplied for incorporation at high Ge cell temperatures. To check the amount of Ge supply, we measure the beam equivalent pressure (BEP Ge ) in our MBE system (full pink diamonds). In the range of high Ge effusion cell temperature, the measured BEP Ge does not follow the vapor pressure curve anymore and shows the same temperature dependency as the experimental data for Ge incorporation. Therefore, we conclude that the incorporated Ge is determined by the supplied Ge atoms from the effusion cell. Up to now, it is unclear why the BEP Ge does not comply with the vapor pressure curve. Unfortunately, in our system, the BEP Ge cannot be measured for Ge cell temperatures lower than 900°C.
The Ge concentrations measured by TOF-SIMS and the measured free electron densities agree within the measurement error. Therefore, nearly all of the incorporated Ge atoms are electrically active donors.
In the low doping range, a significant deviation of donor concentrations measured by TOF-SIMS and PL is observed, and the values deviate from the trend of the vapor pressure curve. The donor concentrations of the two lowest doped layers measured by PL show that the Ge concentration is equal to or lower than the level of residual doping. The Ge concentrations of the two lowest doped layers measured by TOF-SIMS imply that the Ge concentration in these layers is several orders of magnitude higher than expected by extrapolating with help of the vapor pressure curve. It is unclear if these values are reliable, although the GeN − signals were higher than the noise level (blue dashed horizontal line). Further work is required to investigate the discrepancy between these values measured by different methods.
IV. SUMMARY
Germanium-doped cubic GaN layers with a nominal thickness of 600 nm were grown by plasma-assisted molecular beam epitaxy. Ge concentrations over several orders of magnitude up to 3.7 × 10 20 cm −3 could be achieved. The incorporation of germanium into the c-GaN layers could be verified by time-of-flight secondary ion mass spectrometry. For comparison, additional silicon-doped c-GaN layers with doping levels up to 3.8 × 10
19 cm −3 were grown. High-resolution x-ray diffraction measurements were carried out to estimate the dislocation densities of the layers. Doping up to the 10 18 cm −3 range did not increase the formation of dislocations for both germanium and silicon dopants. Electrical properties were determined by Hall effect measurements. Germanium-doped layers feature an approximately 20% higher electron mobility than silicondoped layers. A comparison of 13 K photoluminescence spectra of two similarly germanium-or silicon-doped layers reveals that the luminescence intensity is equal for both dopants, but the silicon- In addition, the measured beam equivalent pressure (BEP Ge ) of the Ge effusion cell is plotted. A line is fitted to the BEP data and shifted towards the donor concentration data as a guide to the eye. doped layer shows a spectrally slightly narrower luminescence. The measured donor concentrations in our germanium-doped layers were compared to the trend of the vapor pressure curve of germanium. The donor concentrations follow the vapor pressure curve very well in the medium doping regime. In the range of low doping, the donor concentrations measured by different methods deviate from each other. In conclusion, doping with germanium and silicon results in comparable structural properties of the layers, but germanium doped layers exhibit better electrical properties.
